ABSTRACT: We examined the effects of added nutrients on primary producers, protozoans and meiofauna -as well as on tufa deposition -in a short-term in situ experiment using nutrientdiffusing substrata. The study was carried out in the tufa-depositing barrage lake system National Park Plitvice Lakes (Croatia). To address the question of whether the extent of tufa deposition and the flow velocity modify the response of periphyton to nutrient addition, we selected 2 sites -fast flow (FF) and slow flow (SF) -on each of the 2 barriers, one barrier having a low rate of tufa deposition (LTD) and the other having a high rate of tufa deposition (HTD). The nutrients examined were nitrogen (N), phosphorus (P), and their combination (N+P). Both N and P were limiting nutrients for autotrophs in periphyton, and the response to nutrient enrichment was lower at HTD sites. A combination of HTD and FF was the most limiting factor for periphyton. Nutrient enrichment did not impede calcite deposition; P enrichment even enhanced calcite deposition -probably as a result of a denser autotrophic periphyton matrix. HTD supported a lower taxa richness of heterotrophs in the periphyton, and flow velocity had taxa-specific effects. The addition of nutrients led to a decrease in the number of heterotrophic taxa at FF sites, while there was no effect at SF sites. The response of ciliates to flow velocity was taxa-specific. The effect of nutrients on the abundance of heterotrophs was rather weak, except for omnivorous and bacterivorous ciliates. Our results showed a direct effect of N and P on autotrophic periphyton in this tufa-depositing system, and only a weak effect on protozoans and micro-metazoans.
INTRODUCTION
Very small benthic organisms, such as protozoans and metazoan meiofauna, are highly abundant and diverse components of stream communities; however, they are often overlooked owing to methodological difficulties (Reiss & Schmid-Araya 2008) . Protozoans are an important link in the microbial loop in the stream periphyton due to the effects of grazing, excretion and bioturbation (Pusch et al. 1998) . Ciliates have high rates of growth, and their level of production in the benthos can exceed total invertebrate production (Finlay & Esteban 1998) .
Experiments involving the addition of nutrients have demonstrated that nitrogen (N) and phosphorus (P) are dominant nutrients controlling the trophic states of streams and rivers (Dodds & Welch 2000) . Enrichment with N and P can determine whether there is a heterotrophic or an autotrophic state; these effects can also cascade up the food web (Dodds 2006) . Artificial eutrophication decreases the diversity of microalgae (Hillebrand & Sommer 2000) and increases bacterial abundance (Gray et al. 2006 ) and ciliate biomass (Wickham et al. 2004) . Experimental eutrophication also increases the abundance of ciliates but, at the same time, decreases their diversity (Andrushchyshyn et al. 2006 ). Bernhardt & Likens (2004) showed that eutrophication does not have an effect on the biomass of periphyton. To date, the effects of nutrient enrichment on protozoa have been examined in lakes (Hillebrand et al. 2002) , rivers (Rublee & Partusch-Talley 1995) and streams (Domènech et al. 2006) . While weak effects of nutrient enrichment on ciliate biomass were reported by Hillebrand et al. (2002) , Rublee & Partusch-Talley (1995) ob served a significant increase in the abundance and biomass of heterotrophic microfauna after the addition of N+P, but no significant difference after the addition of P alone. Domènech et al. (2006) attributed an increase in ciliate density to the addition of N+P, whereas flagellates and testate amoebae were reported to be less sensitive to nutrient enrichment.
Tufa develops under specific physico-chemical conditions as an ambient temperature freshwater carbonate deposit in which biological remains (particularly those of macrophyte stands) may comprise significant parts of deposited frameworks (Pedley 2000) . Tufa formation is also responsible for increasing the habitat surface for diverse organisms (Pentecost 2005) . The rough surface of the tufa-covered substrate provides greater microhabitat complexity, and it supports increased algal growth compared to sediment without encrustations (Kock et al. 2006) . At sites of active tufa deposition this deposit is not only a substrate upon which periphyton develops: tufa is also embedded within the periphyton matrix, i.e. it becomes part of the structure of the matrix. Moreover, in places with high precipitation rates, calcite can actually bury the periphytic organisms (Pedley 2000) .
Only rarely has the periphytic protozoan community of tufa-depositing systems been investigated (e.g. Primc-Habdija et al. 2001 . Periphyton containing sedimentary autotrophs has been found to be strongly P-limited (Sabater et al. 2000 , Elser et al. 2005a . Nutrient enrichment in calcifying environments may affect algal composition and C:P:N ratios (Elser et al. 2005a) , and, at the same time, may control the growth and metabolism of grazing snails (Elser et al. 2005b) . Inorganic P can slow calcite growth, and, at higher concentrations, even cause it to stop (Plant & House 2002) . Therefore, increased P levels might cause the disappearance of the tufa encrustation together with its associated communities (Pentecost & Whitton 2000) . Thus, eutrophy represents a major threat for tufa deposition (Sabater et al. 2000) . To our knowledge, there has been no study on the effects of nutrient enrichment on protozoan communities in tufa-depositing environments.
Tufa barrages form barriers between karstic lakes and are hydrodynamically variable sites due to their geomorphological features. They represent places of high habitat diversity with patchy pool-riffle configurations. As the water carrying suspended particles overflows the barrier, the associated periphyton is affected by sedimentation, erosion and resuspension of bed particles. The overall outcome of these events will depend on flow velocity, turbulence and periphyton resistance. Flow velocity influences both the structure (Abe et al. 2000) and the composition of the periphyton community (Soininen 2004) , and it might also determine the magnitude of the effect of nutrient enrichment on periphyton (Ghosh & Gaur 1994) . Flow conditions influence both the precipitation rate and the morphology of calcite deposits (Pedley & Rogerson 2010) .
In this study, we used nutrient-diffusing substrata during a short-term in situ experiment to assess the effects of nutrient addition on: (1) the primary producers (i.e. the algal response to nutrient enrichment), (2) the composition of the protozoan community, (3) the assemblages of metazoan meiofauna, and (4) the amount of tufa deposited. The experiment was carried out in 2 contrasting sites, one having a low rate of tufa deposition (LTD) and the other having a high rate of tufa deposition (HTD). Additionally, we tested the effect of flow velocity by selecting microhabitats of both slow flow (SF) and fast flow (FF) at both LTD and HTD sites. Our hypotheses were: (1) that the addition of nutrients increases the biomass of autotrophs in periphyton, (2) that the diversity of protozoa decreases with the increased supply of nutrients, (3) that the addition of P causes a decrease in tufa deposition, and (4) that flow velocity modifies the effect of nutrients on periphyton and on tufa deposition.
MATERIALS AND METHODS

Study site
The experiments were carried out during September and October 2006 on tufa barriers of the Plitvice Lakes, a Croatian barrage-lake system of 16 successive lakes that descend in a cascade from an altitude of 636 m above sea level to 503 m over a distance of 8.2 km (Fig. 1) . The first location (Table 1) was on a barrier between the 10th and the 11th lake (Fig. 2) in the 'Upper Lakes' area, located in a broad valley. The basic rock masses consist of dolomite, from the Upper Triasic age (Polšak 1974) , whose poor permea -bility has resulted in the formation of the Upper Lakes (Biondić et al. 2010) . This area has a relatively low rate of tufa deposition (Srdo< et al. 1985) , reported to be in the range of 0 to 0.45 mg dm −2 d −1
, depending on season (Matoni<kin Kep<ija et al. 2005) . The second location (Table 1) was on the barrier between the last 2 lakes of the system (Fig. 2) , in the 'Lower Lakes' area, positioned in a deep canyon cut into massive rudist limestone from the Jurassic age (Polšak 1974) . The rate of tufa deposition at this site is high, ranging from 0.13 mg dm −2 d −1 in winter to 13.77 mg dm Kep<ija et al. 2005) .
Two sites were chosen on each of the 2 barriers, 1 site with FF and 1 site with SF velocity (Table 1) . Sampling sites were abbreviated as LTD-FF (low tufa deposition-FF velocity), LTD-SF (low tufa deposition-SF velocity), HTD-FF (high tufa deposition-FF velocity) and HTD-SF (high tufa deposition-SF velocity).
Experimental design, sampling and processing
Tray samplers, modified from Biggs & Kilroy (2000) , were constructed to resist fluctuations in flow. The wooden frame was weighted with two bricks at each side (Fig. 3) . Each tray sampler held 24 plastic nutrient-diffusing containers (200 ml) filled with agar. Four treatments were used (6 replicates of each): (1) control (2% agar), (2) N-enriched (2% agar, 0.5 M NaNO 3 ), (3) Penriched (2% agar and 0.05 M Na 3 PO 4 ·12 H 2 O), and (4) N and P combined (2% agar, 0.5 M NaNO 3, 0.05 M Na 3 PO 4 ·12 H 2 O). Surfaces for periphyton colonization (Whatman hardened ashless filter papers 541) were placed over the top of the containers and secured with the lid. In each container, the surface of the nutrient-diffusing substrata (NDS) that was exposed to water was 25 cm was placed at each site (4 samplers and 96 nutrientdiffusing containers in total), at a water depth of 20 cm. An incubation time of 3 wk was chosen, with a constant nutrient-diffusion rate from the NDS (Tank et al. 2006) . After 3 wk of incubation, the samplers were retrieved and filter papers were transferred to plastic vials containing ambient water. The vials were stored in a cool box and transported to the laboratory where they were analyzed within 24 h. Temperature, dissolved oxygen, conductivity and pH were measured in the field using a field multi-parameter probe Multi340i (WTW). Flow velocity was measured with the flow-velocity meter SWOFFER 3000 (Swoffer Instruments). Alkalinity, total hardness, chemical oxygen demand and nutrient concentrations were determined in the laboratory (according to APHA 1985) . All analyses were performed at the beginning and at the end of the exposure. Containers (4 replicates) with agar were placed in 200 ml of distilled water for 2 h, followed by an analysis of nitrates and phosphates in the water, to test the availability of nutrients after 3 wk of exposure. Subsamples for the analysis of protozoan and metazoan composition were taken by scraping a 1 cm 2 area from each filter paper (3 replicate filter papers were taken). These subsamples were transferred to glass slides and suspended in a small amount of ambient water before examination under the microscope. Living protozoans and metazoans were identified to at least genus level, where possible, using ap propriate literature (Kahl 1930 − 1935 , Donner 1965 , Koste 1978 , Foissner et al. 1991 , Page 1991 , Foissner 1992 . Ciliates were classified into feeding types according to information in Foissner et al. (1991 Foissner et al. ( , 1992 Foissner et al. ( , 1994 Foissner et al. ( , 1995 and Lynn (2008) .
Three replicates were processed for their content of chlorophyll a (chl a, mg cm −2 ) according to the ethanol extraction procedure of Nusch (1980) . The content of organic matter (ash-free dry weight, AFDW) of the samples was determined based on the method of drying (1 d at 105°C) and weighing followed by combustion in a muffle furnace (4 h at 450°C) and re-weighing. For that procedure, we used the 3 replicates remaining from the analysis of periphyton composition. Therefore, before calculating the content of organic matter, 1 cm 2 was taken from the original surface.
Tufa deposition was estimated after dissolution of the combusted samples with hydrochloric acid, followed by rinsing, drying and weighing of the residues. Both parameters (i.e. organic matter content and tufa deposition) were determined as mass per unit area. The algal response to the addition of nutrients was calculated from chl a as the logarithmic ratio of the treatment relative to the control (Tank & Dodds 2003) .
All samples containing P (5 P replicates and 5 N+P replicates) were destroyed at site HTD-SF, possibly because of interference by the freshwater crayfish Austropotamobius torrentium.
Data analysis
Data were analysed using Statistica 8.0 (StatSoft 2007) . A non-parametric Mann-Whitney U-test was used to compare the diffusion rates of nutrients. Correlations between measured variables (calcite, con- centration of chl a and AFDW) were tested using a Spearman rank correlation coefficient. The same measure was used to explore relationships between those variables and the number of taxa and abundance of protozoa and micro-metazoa. Due to the loss of 1 set of samples, the experiment had an unbalanced design structure. To bypass the problem of missing cells in analysis of variance (ANOVA), we analyzed subsets of the data with observations in all cells (Quinn & Keough 2002) . There were 2 missing cells (P and P+N samples from the HTD-SF site) within 16 possible combinations of 3 factors. Two-way and 3-way ANOVA tests were used to compare calcite, concentration of chl a, AFDW, the number of taxa and the abundance of protozoa and micro-metazoa with tufa deposition, flow velocity and nutrients as factors. Three-way ANOVA was used to analyze the data for control and N treatments only. Two-way ANOVAs were used for 2 subsets. The first subset was created by omitting the data in SF, thus enabling us to test the effects of tufa deposition and nutrients on periphyton parameters. The other subset comprised the data from LTD sites only, providing the analysis of flow velocity and nutrient effects. Tukey HSD was used for post hoc comparisons. The normality of data was tested using the Shapiro-Wilks W-test. When necessary, logarithmic transformations were applied to meet a parametric assumption of normality.
To compare the community structure of samples, a Bray-Curtis similarity coefficient matrix was calculated on root-transformed data of taxa abundances (sample replicates were averaged prior to analysis). This matrix was used for non-metric multidimensional scaling (nMDS) to visualize possible grouping of sites and/or treatments.
RESULTS
Nutrients were slightly more depleted from the containers in FF, the difference being more pronounced at the HTD site for both nutrients (Table 2) . Statistically significant differences were found only for P between sites HTD-SF and HTD-FF (MannWhitney U-test, p < 0.01).
The mean tufa deposition was 2.02 mg cm −2 ; it ranged from 0.36 mg cm −2 in the control treatment at the LTD-SF site to 8.40 mg cm −2 in the control treatment at the HTD-SF site. As expected, tufa deposition differed between barriers and between current velocities (Table 3 ). The interaction of those 2 factors was also significant; post hoc testing separated tufa deposition at the HTD-SF site from deposition at all the other sites (Tukey HSD, p < 0.001), while other values were not significantly different (Fig. 4) . The effect of nutrients on tufa deposition was significant only as a 3-way interaction with tufa deposition and flow velocity ( Table 3) . Analysis of the FF subset, however, showed significant differences in the amount of calcite deposition between nutrient treatments (Table 4) ; it was higher on Penriched substrata compared to controls (Tukey HSD, p < 0.05). The 2-way ANOVA for the LTD subset indicated a possible effect of nutrients on tufa deposition (Table 5) , with post hoc testing separating the amount of tufa between all treatments (Tukey HSD, p < 0.01) except P and P+N (Tukey HSD, p > 0.05).
The average concentration of chl a was 0.16 µg cm −2 . In contrast to patterns of tufa deposition, accrual of chl a was significantly higher at LTD sites (Fig. 4) . ANOVA also separated chl a results between flow habitats, as well as between control and N-enriched substrata (Table 3) . Regarding the effect on chl a of tufa deposition × Flow velocity, the HTD-FF site had significantly lower concentrations (Fig. 4) . Nitrates × Tufa deposition also had an effect, with nitrate-enriched substrata at LTD having higher concentrations of chl a compared to other combinations (Tukey HSD, p < 0.01 for all combinations). The effect of P was evident from the fast-current subset analyses (Table 4) which separated Pand N+P-enriched substrata from control substrata (p < 0.05). Nutrients were also significant in the analysis of the LTD subset ( Table 2 . Average diffusion rates of nutrients (± SD) at the start of the experiment and after 3 wk of exposure. LTD = low tufa-deposition rate; HTD = high tufa-deposition rate lowest for N-enriched substrata (0.24 ± 0.22). The mean algal response was lower in SF locations (0.23 ± 0.33) compared with FF locations (0.43 ± 0.25). There were also differences between LTD sites (0.47 ± 0.28) and HTD sites (0.17 ± 0.23), with the former having a greater algal response in all cases for the same flow velocity and treatment, suggesting a possible effect of tufa deposition on the magnitude of response to nutrient addition.
Flow velocity was significant as the main effect on periphyton organic matter (Tables 3 & 5 Table 3 ); groups with the same letter were not significantly different (p > 0.05) strata, except at LTD sites (Table 4 ), but only for Nand P-enriched substrata in SF (Fig. 4) . AFDW and chl a were positively correlated (Spearman's R = 0.41, p = 0.002). A total of 94 consumer taxa (protozoans and meiofauna) were identified, of which 69 were ciliate species or morphotypes and 12 amoeboid protozoans. Only 38 ciliate taxa and 9 amoeboid types were found at both LTD and HTD sites. Site-specific ciliate taxa were mostly those with low abundance, except for Holosticha sp., Urostyla grandis, Bursaridium pseudobursaria and Metacineta sp., which were abundant at LTD sites, and Vorticella picta which had dense populations at HTD sites. Seven taxa of rotifers were identified on both barriers, while other groups of meiofauna (Turbellaria, Gastrotricha, Nematoda, Oligochaeta, Cladocera and Ostracoda) were rare.
The mean number of protozoan and meiofaunal taxa per substrate was 23; it varied from 3 at the HTD-FF site to 31 at control sites of both LTD-FF and HTD-SF. The strongest effect on the number of consumer taxa was a 2-way interaction of tufa deposition × Flow velocity, with a post hoc test separating the HTD-FF site from other sites, as well as the HTD-SF from the LTD-SF site (Fig. 4) . Nutrients were significant only in the analysis of the FF subset (Table 4) , with a post hoc test separating P-and N+P-enriched substrata from control substrata (Tukey HSD, p < 0.05). Protozoan and meiofauna taxa richness was lower on enriched substrata compared to control (Fig. 4) and showed a positive correlation with chl a (Spearman's R = 0.47, p = 0.0003) as well as with AFDW (Spearman's R = 0.45, p = 0.001). A significant effect of nutrients at LTD sites (Table 5) showed an opposite trend between SF and FF (Fig. 4) , and post hoc testing separated only control from P-enriched substrata (Tukey HSD, p < 0.05).
As for taxa richness, the 2-way interaction of tufa deposition and flow velocity had the strongest effect on the abundance of protozoa and small metazoa in the periphyton. High tufa deposition and FF velocity were again the most restrictive factors, i.e. they supported the lowest number of individuals (Fig. 5) . There was neither a statistically significant effect nor a recognizable trend associated with nutrient addition, except at LTD sites (Table 5 ), but only between P and P+N substrata (Tukey HSD, p < 0.05), with the opposite situation be tween flow velocities (Fig. 5) ). The composition of the periphyton community differed between the HTD-FF site and other sites, with communities on enriched substrata being more similar to one another than to control sites (Fig. 6) . The communities on P-enriched substrata at the LTD-FF site were also separated from other LTD sites, due to lower taxa number (Figs. 4 & 6) . Control substrata generally did not differ from enriched substrata at LTD-SF and LTD-FF sites.
Among analyzed groups, the greatest number of individuals belonged to the Ciliophora (Fig. 5) , which accounted for 46.0 to 97.8% of the total abundance. A particularly high proportion of ciliates was found at the HTD-FF site. Rotifers were the second most abundant group, followed by amoeboid protozoans (17.8 and 11.9% of the total abundance, respectively). Other metazoan groups were sparse (< 2.0% at all sites). Among ciliates, members of the Hymenostomata and Hypotrichia dominated in both diversity and density (Fig. 5) ; they accounted for a mean of 69.7% of the total abundance of ciliates across all sites. Among hymenostomats, Cineto chilum margaritaceum, Cyclidium glaucoma and Glaucoma scintillans had an approximately 20-fold higher density at LTD sites compared to HTD sites, while Colpidium colpoda preferred HTD sites (10-fold higher density at HTD sites). Hypotrichs generally preferred LTD sites. Cyrtophorids (mainly Chilodonella uncinata) had the highest proportions at HTD-FF sites, and, accordingly, their abundance had a positive correlation with the deposited tufa (Spearman's R = 0.39, p = 0.003). The effect of tufa deposition on all other ciliate groups appeared negative (Spearman's R < 0), but this observation was not significant (p > 0.05). Regarding LTD sites, the composition of the ciliate community was more similar on substrata placed in SF sites than at FF sites (Fig. 5) . Regarding the effect of flow velocity on the abundance of ciliate taxa, peritrichs had an approximately 3-fold greater abundance and a 2-fold greater taxa richness at SF sites. The hymenostomats C. colpoda and Dexiostoma campylum had an approximately 4-fold greater abundance at FF sites, while Euplotes affinis had a 10-fold greater abundance at SF sites. C. glaucoma did not show a flow preference. Statistically significant positive correlations were found between organic matter (AFDW) and the abundance of omnivorous hypotrichs (Spearman's R = 0.52, p = 0.0001) and bacterivorous hymenostomats and peritrichs (Spearman's R = 0.38, p = 0.004 and R = 0.46, p = 0.0004, respectively). Abundances of hypotrichs and peritrichs were also positively correlated with chl a (Spearman's R = 0.47, p = 0.0002, and R = 0.52, p = 0.0001, respectively).
DISCUSSION
Results from our experiment demonstrate that both N and P are limiting nutrients for autotrophic production of periphyton in the tufa-depositing barrage lake system National Park Plitvice Lakes. Higher calcite deposition apparently decreased the response of autotrophs to P and N enrichment, as suggested by the greater chl a concentration and the greater algal response in LTD sites compared to HTD sites. One possible explanation is that P co-precipitates with calcite, thus limiting the algal uptake of P. Such coprecipitation was hypothesized to impose nutrient limitation on autotrophic production in organosedimentary communities (Elser et al. 2005a ). However, we cannot rule out the possible unfavourable effect of calcite precipitation on autotrophs. Rapid burial on accreting surfaces presents problems for algae, and some have evolved adaptations enabling them to exist for long periods on those biotopes (Pentecost 2005) .
Effects of flow and nutrient enrichment on tufa deposition
Differences in tufa deposition between LTD and HTD sites corroborate previous investigations in the Plitvice Lakes (Srdo< et al. 1985 , Matoni<kin Kep<ija et al 2005 , Belan<ić et al. 2009 ). The decrease in alkalinity between LTD and HTD sites reflects patterns of calcium carbonate deposition along the system, and this decrease is typical for hydro-chemical downstream evolution of tufadepositing waters (Drysdale et al. 2002) . The discrepancy between the lower level of tufa deposition at LTD sites compared to HTD sites, and the apparently higher quantity of CaCO 3 in the water at LTD sites, might be explained by the difference in calcite saturation indices between these locations (Kempe & Emeis 1985 , Srdo< et al. 1985 . Differences in biologically mediated tufa deposition, either by provision of crystal seeds (Kempe & Emeis 1985) or through photosynthesis-induced precipitation (Shiraishi et al. 2008) , cannot be excluded. Bearing in mind the complexity of tufadepositing systems, the reasons for these observed differences remain to be explained.
Our observation of decreased calcite deposition at the higher velocity sites contradicts the findings of Primc-Habdija et al. (2001) and Pitois et al. (2003) . Zaihua et al. (1995) and Chen et al. (2004) also emphasized that FF enhances calcite deposition, but their studies compared flowing and standing water. A possible explanation of the phenomenon observed in our study could be sedimentation of lake-generated calcite crystals, favoured by lowvelocity conditions. The source of particles could also be the resuspension of fine calcite sediments surrounding experimental substrata, as low-velocity areas are characterized by fine sediments (Pitois et al. 2003) . Higher AFDW in places of SF, combined with no apparent influence of other tested factors on AFDW, also suggest that sedimentation is an important factor driving periphyton biomass in this investigation.
Surprisingly, nutrient enrichment did not impede calcite deposition. P, which was hypothesized to be a major inhibitor in this investigation, enhanced calcite deposition. Pitois et al. (2003) also recorded peak calcareous deposition in more nutrient-rich sites. A denser autotrophic periphyton matrix developed on enriched substrata and might have led to increased tufa deposition. Cyanobacteria and algae (especially diatoms) are important in the stromatolite building process because they trap and bind calcite crystals and provide substrate for nucleation (Winsborough 2000) . Our results suggest that slight enrichment might enhance deposition in nutrient-limited systems, whereas negative effects prevail with higher concentrations of nutrients. There is a need for future investigations into the effects of the different nutrient concentrations. The limits of eutrophication that can be withstood by communities before tufa deposition ceases entirely are still not well understood. It is probable that the extent of pollution that is likely to lead to changes in tufa deposition varies between sites (Pentecost & Whitton 2000) .
Effects of flow and nutrient enrichment on algae
The algal response was increased to some extent in FF conditions, contrary to the findings of Ghosh & Gaur (1994) . The stimulatory effect of current on algae might increase with the concentration of nutrients (Stevenson 1996) . Regarding diffusion rates, it seems that FF enabled better diffusion of P from the agar substrate, therefore possibly enabling greater uptake by the algae. Generally, FF seemed to affect the concentration of chl a negatively only at HTD sites, i.e. a combination of high calcite deposition and FF velocity seemed most restrictive. The same conditions increased the rate of breakdown of leaves in the Plitvice Lakes (Belan i et al. 2009 ), presumably due to coarse tufa fabrics that, combined with FF, led to increased mechanical fragmentation. It is likely that coarse-bladed crystals, typical of higher flow velocities (Pedley 2000) , also increased the shear stress for algal periphyton. Sloughing and erosion of biofilm under FF conditions were observed in the experiment of Pedley & Rogerson (2010) , who argue the possibility that there is a threshold velocity above which biofilm colonization is severely restricted.
High calcite deposition and FF velocity might also affect the rate of colonization. If colonization was impeded under these conditions, we cannot conclude that full succession occurred at all sites. Thirty days of exposure was reported to be enough for periphyton colonization in the Plitvice Lakes (Plenković 1989) ; however, the proportion of cyanobacteria increased in comparison to diatoms after a longer exposure time . Exposure times of 2 to 4 wk are used in most periphyton studies involving artificial substrata, with temperature, trophy and current affecting the rate of colonization (Cattaneo & Amireault 1992) . However, the structure of the algal community changed in succession from an initial dominance by r-selected diatoms to dominance by crust-forming green algae (Ledger et al 2008) ; the mesocosm experiment carried out by these authors, using chalk-stream water, indicates the need for an exposure time longer than that used in the present study.
Effects of flow and nutrient enrichment on protozoa and micro-metazoa
Increased tufa deposition negatively affected both taxa richness and the abundance of protozoa and micro-metazoa. The most limiting conditions for autotrophs, i.e. high tufa deposition and FF, also supported the least number of taxa and the lowest abundance of studied heterotrophs, with few hymenostomats under those conditions. Reduction in the diversity of fauna and flora as a result of calcareous deposition was suggested by Pitois et al. (2001) . Also, Rundio (2009) found a lower biomass and diversity of freshwater macroinvertebrates in streams with tufa deposition compared to streams without tufa. Opposing results have also been documented, i.e. higher invertebrate species richness in travertine reaches compared to riffle/run reaches (Marks et al. 2006 ). These differences might have been driven by different rates of deposition; however, these rates were not measured in the above-mentioned studies, so that no comparison can be made between these studies. High carbonate deposition and encrustation, as in the Plitvice Lakes, create unfavourable conditions for the organisms, burying them alive (Golubić 1969) . High sedimentation also inhibits the colonization of some ciliate species, leading to a reduction in the number of ciliate taxa (Risse-Buhl & Küsel 2009) .
Flow velocity influenced the composition of the ciliate community, with certain taxa showing preference for SF or FF. Faster flow probably inhibits the attachment of peritrich ciliates in the early stages of biofilm development (Risse-Buhl & Küsel 2009 ). Cyclidium glaucoma is thought to tolerate a broad range of flow velocities due to its small size, enabling it to exploit micro-niches with flow velocities close to zero (Risse-Buhl & Küsel 2009) .
The effects of nutrient enrichment on autotrophs were probably to some extent transmitted to heterotrophs. Nutrient addition led to a drop in the richness of consumer taxa at the FF sites, while there was no effect at the SF sites. This pattern contrasts with the observed increase in chl a concentration. Thus, it may be possible that the denser autotrophic periphyton matrix was the least hospitable for heterotrophs. Battin et al. (2003) reported microstructural differences in biofilms developed under SF vs. FF; SF increased biofilm thickness, sinuosity and fragmentation. Faster flow leads to the increased development of a tightly attached layer of periphyton (Abe et al. 2000) , reducing the interstitial space available for colonization of protozoans and smaller metazoans. A concern in our experiment was that, by studying only 1 sequence of biofilm development, we could not detect the effect of nutrient enrichment on different stages of periphyton development. This effect is not necessarily consistent, i.e. it changes with the age of the periphyton (Norf et al. 2009 ).
The effect of nutrients on the abundance of heterotrophs was rather weak, and was significant only in the interaction with tufa deposition and flow velocity. Gray et al. (2006) also did not find a significant effect of nutrient addition on higher trophic levels in a detrital community. Some possible taxon-specific responses were detected in the positive correlations between the organic content of periphyton and omni vorous and bacterivorous ciliates. As sedimentation was suggested to play an important role in AFDW patterns, there was probably significant detrital material originating from seston (Sertić Perić et al. 2011) . Detritus could lead to a greater abundance of bacteria, which would then be a food resource for bacterivorous and omnivorous ciliates. Omnivorous ciliates showed the highest increase in density after nutrient inputs in a Mediterranean stream (Domè nech et al. 2006) . The contributions of algivorous ciliate groups (for instance, some Cyrtophorida and Peritrichia species) did not show a clear increase following nutrient enrichment. Hillebrand (2003) reported the increased dominance of relatively large chain-forming and filamentous algal species after the addition of nutrients. Wickham et al. (2004) found an increase in biomass in ciliate groups that are able to graze such algae. The biomass of ciliates was not addressed in our investigation, but it is possible that its response to nutrients would be more pronounced compared to abundance, as in Wickham et al. (2004) .
In conclusion, we found a direct bottom-up effect of N and P on autotrophic periphyton in a tufa-depositing system. The magnitude of this effect is probably mediated primarily by the extent of tufa deposition. These effects did not cascade appreciably to higher trophic levels. 
